I. INTRODUCTION
Several interesting and intriguing questions in hadron physics can be elucidated by experiments involving medium-energy antiproton (p) beams on fixed-targets. The futurePANDA ("antiproton annihilation at Darmstadt") experiment at the under-construction antiproton and ion research facility (FAIR) in Darmstadt, Germany, will perform such studies at the beam momenta ≤ 15 GeV/c.
The physics program ofPANDA experiment [1] includes the study of bound states of quantum chromodynamics (QCD) up to the region of charm quarks. This will mainly concentrate on experiments on charmonium production, open charm spectroscopy, the search for charmed hybrids decaying toDD, the rare decays and the charge-conjugation-parity (CP) violation in the D-meson sector. For accurate detection of the charmonium states above theDD threshold, reliable estimations are required for the production rates ofD 0 D 0 and D − D + meson pairs (to be together referred to as theDD mesons) inp-induced reactions on proton as well as heavier nuclear targets at the appropriate energies. ThePANDA experiment intends to carry out this task [2] .
In a recent publication [3] , calculations have been presented for the cross sections of thep+p → D + D reactions in the beam momentum range of threshold to 20 GeV/c within a single-channel effective Lagrangian model (ELM) (see, e.g., Refs. [4] [5] [6] ). In this approach, the dynamics of the production process is described by the t-channel Λ 15 GeV/c, which is of interest to thePANDA experiment, the total cross section of this reaction as obtained in Ref. [3] , is at least 5 times larger than its maximum value predicted in other studies [7] [8] [9] [10] [11] [12] [13] . The largeD 0 D 0 production cross section raises the hope of studying the charm mixing, and searching for possible new physics contributions via clean signatures of charm CP violation [14] .
On the other hand, in the ELM thep + p → D − + D + reaction amplitudes involve only the Σ ++ c baryon exchange contribution. They have been found to be strongly suppressed compared to those of theD 0 D 0 production. This is attributed to the much smaller coupling constant of the production cross sections significantly.
The studies on theDD production in thep-nucleus collisions are expected to explore the properties of the charm hadrons in nuclear medium and provide information about their interactions in the nuclear environment (see, e.g, a recent review [15] ). ThePANDA experiment, with the capability of its detectors and the energy range of the storage ring, will be able to perform measurements for the cross sections of such reactions. The threshold momentum forDD production inp induced reaction on proton is 6.40 GeV/c. This will be lowered in thep reaction on nuclei due to the Fermi motion effects. Over the last years some efforts have been made to study theoretically the charm production inp-nucleus reactions within a variety of models (see, e.g., Refs.
[ [16] [17] [18] ). The latter two studies concentrate on the calculations of the production of charmonium states J/Ψ and Ψ ′ . In Ref. [16] ,DD meson production inp-nucleus reaction was investigated within a cascade model. The t-channel part of our model is similar to that of thep + p →D + D reaction studied in Ref. [3] .
It should be mentioned that the s-channel excitation, propagation and decay into theDD channels of the Ψ(3770) resonance can also contribute to these reactions. In Ref. [3] it was shown that the contributions of the Ψ(3770) resonance to the total cross sections of thep
are insignificant at beam momenta away from the threshold region. Since our interest in this work is to estimate cross section at beam momenta of interest to thePANDA experiment, we have not included such diagrams into our calculations.
In the next section we present our formalism where details of the ELM are presented and input 
II. FORMALISM
We have followed the procedure and notations of Ref. [19] in deriving the formulas for the invariant cross section of thep + A →D + D + B reaction, which can be written as (see, e.g.,
where A f i represents the total amplitude, P i and P f the sum of all the momenta in the initial and final states, respectively. mp, m A and m B are the masses of the antiproton, and nuclei A and B, respectively. pp and p A are the momenta of the antiproton and the target nucleus, respectively.
The cross sections in the laboratory or CM systems can be written from this equation by imposing the relevant conditions. Summations over final spin states and average over initial spin states are
To evaluate amplitudes for the processes represented in Fig. 1 , we have used the effective Lagrangians at the charm baryon-meson-nucleon vertices, which are taken from Refs. [21] [22] [23] [24] [25] .
For the vertices involved in the t-channel diagrams we have
where ψ N and ψ C B are the nucleon (antinucleon) and charmed baryon (C B ) fields, respectively, and . We write these propagators as,
where we have introduced the effective mass of the charmed baryon, m * C B
, to take into account the medium effects on the propagation of the charmed baryon in the nuclear medium. In Eq. [29] for the width Γ C B . It should, however, be noted that the medium effects can also modify the widths of the exchange baryons (see, e.g., Ref. [30] ). Nevertheless, because making predictions for the modification in the widths of the charmed baryons is at present out of the scope of the QMC model, we continue to use on-shell widths for the exchanged baryons, which are very small in any case.
The amplitude of the process depicted in Fig. 1 , is given by
where ψ A (k p ) is the spinor for the bound proton in the initial channel. It is a four component Dirac spinor, which is the solution of the Dirac equation for a bound state problem in the presence of external scalar and vector potential fields. This is written as (see, e.g., Ref. [31] ) 
where Y ℓm ℓ represents the spherical harmonics, and χ µ the spin-space wave function of a spin- 1 2 particle. In Eq. (5) ℓ ′ = 2 j − ℓ with ℓ and j being the orbital and total angular momenta, respectively.
The coupling constants g NC B D are adopted from Refs. [22, 23] The off-shell behavior of the vertices is regulated by a monopole form factor (see, e.g., Refs. [4, 5] )
where index i represents the ith exchanged baryon. λ i is the corresponding cutoff parameter, which governs the range of suppression of the contributions of high momenta carried out via the form factor. We chose a value of 3.0 GeV for λ i at all the vertices. The same λ i was also used in the monopole form factor employed in the studies of theΛ
andDD production in thē pp collisions in Refs. [21] and [3] , respectively, within a similar type of the effective Lagrangian model. Since our calculations are carried out in momentum space, they include all the nonlocalities in the production amplitudes that arise from the resonance propagators.
We have used plane waves to describe the motions of antiproton andD meson in the entrance and outgoing channels, respectively. However, initial and final state interactions are approximately accounted for within an eikonal approximation based procedure (see section 2.B).
A. Effective charmed baryon mass in nuclear matter within the quark-meson coupling model
A relativistic effective Lagrangian density in QMC-I model for hypernuclei in mean field approximation, which is used for studying the in-medium modifications of charmed baryons and production of charmed mesons (in a nucleus), is given by [32] [33] [34] [35] [36] [37] [38] :
where ψ N (r) and ψ Y (r) are the nucleon and the hyperon (strange, charm or bottom baryon) fields, respectively.
In an approximation where the σ, ω and ρ fields couple only to the u and d light quarks, the 
where M N (M Y ) is the free nucleon (hyperon) mass. Note that the dependence of these coupling strengths on the applied scalar field must be calculated self-consistently within the quark model [26, 27, 33, 34, 39, 40] . Hence, unlike quantum hadrodynamics (QHD) model [41] , even though
may be 2/3 or 1/3 depending on the number of light quarks in the hyperon in free space, σ = 0 (even this is true only when their bag radii in free space are exactly the same), this will not necessarily be the case in a nuclear medium.
In the following, we consider the limit of infinitely large, uniform (symmetric) nuclear matter, where all scalar and vector fields become constant. In this limit, we can treat any single hadron The Dirac equations for the quarks and antiquarks (q = u or d, and Q = s, c or b, hereafter) in the bag of hadron h in nuclear matter at the position x = (t, r) are given by [42, 43] :
iγ
where we neglect the Coulomb force, and assume SU(2) symmetry for the light quarks (q = u = d).
The constant mean-field potentials in nuclear matter are defined by, V 
where N f and ψ f (r) are the normalization factor and the corresponding spin and spatial part of the wave function, respectively. The bag radius in medium for a hadron h (R * h ) is determined through the stability condition for the mass of the hadron against the variation of the bag radius [26, 27, 40] . The eigenenergies in units of 1/R * h are given by,
The hadron masses in a nuclear medium m * h (free mass m h ), are calculated by
where aged values from Refs. [44] and [45] , respectively, and these values were used in Refs. [35] [36] [37] [38] .
Since, the effects of the bare quark mass values used are very small on the results, we use the same values as used in the past so that we can compare and discuss the results with those obtained previously [35] [36] [37] [38] . This also applies for the baryon mass values used. The bag constant calcu- [39] . These are summarized in Table I . The parameters z h , and the bag radii R h for relevant baryons in free space, and some quantities calculated at normal nuclear mater density ρ 0 = 0.15 fm −3 are listed in Table II , together with the free space masses (inputs) [44] [45] [46] [47] .
In Fig. 2 (a) , we show the effective masses of the charmed baryons C B , and in Fig. 2 light-quark condensates at finite density, have been predicted for vector mesons as well [48, 49] , although the issues of in-medium widths related with the collision broadening must be studied carefully in the experimental situations. Our calculations predict the similar observation for the charm baryon sector as those for the strange sector and the nucleons. We further note that inmedium mass shift of charmed baryons leads to an attractive scalar potential of about 120.00 MeV at normal nuclear matter density ρ = ρ 0 .
B. Initial-and final-state interactions
From the studies of theΛ − c Λ + c andDD production [3, 21, 50] in thepp collisions, it was found that the magnitudes of the cross sections depend very sensitively on the initial-state distortion effects. In fact, thepp annihilation channel is almost as strong as the elastic scattering channel.
Consequently, inp-nucleus reactions also these distortion effects are expected to be as significant.
They can produce both absorptive as well as dispersive effects. However, for large incident energies involved in this study, the absorptive effects are likely to be most important. We estimate these within an eikonal approximation, as discussed below.
Within the eikonal approximation, the attenuation factor for a particle traveling through the nuclear medium can be written as (see, e.g. Ref. [31] )
where η 0 is the imaginary part of the refractive index of the nuclear medium and ρ(r)[ρ(
is the nuclear density distribution, with b being the impact parameter. In Eq. (18) L(b) is the length of the path traveled by the particle in the medium, which is given by
If the nuclear density is approximated by a Gaussian function, ρ(r) = ρ 0 exp (−r 2 /α 2 ), the integration in Eq. (18) can be done analytically. In this case the attenuation factor is given by
The attenuation due to medium can be calculated if the value of η 0 (E) is known. This can be obtained from the imaginary part of the optical potential W 0 as
One can use the following high-energy relations to relate W 0 to thepp total cross section,
In order to determine the total reduction factor for thep
the total attenuation due to both the antiproton and D-meson distortions has been estimated by replacing the factor kη 0 in Eq. (20) by
The information about thep-nucleus imaginary potential is not very firm [51, 52] particularly at higher beam mometa of interest to thePANDA experiment. In our estimation of the attenuation we have taken the average value of the imaginary part of thep-nucleus optical potential to be 125 MeV, which is in agreement with the values reported in Refs. [53, 54] at higher antiproton momenta. We have made this value independent of the beam momentum and the target nucleus.
This corresponds to app σ T of about 75 mb atp momentum of 15 GeV/c 2 , with a ρ 0 of 0.15 fm
This value is somewhat larger than those reported in Refs. [55] and [56] .
At the same time, the knowledge about theD-and D-nucleus potentials is extremely scarce.
We have taken a value of 10 mb forDN and DN σ T [56, 57] . 
III. RESULTS AND DISCUSSIONS
The initial bound proton spinors (corresponding to momenta K p ) are required to perform numerical calculations of the amplitudes in Eq. (4). To simplify the nuclear structure problems, we assume the bound proton states to have a pure single particle-hole configuration (with the core remaining inert), having quantum numbers of the outermost proton orbit of the target nucleus, even though it is straightforward to include also those cases where the participating proton occupies 
as a function of momentum K p for 16 O and 90 Zr targets, respectively. It was shown in Ref. [61] that spinors calculated in this way provide a good description of the nucleon momentum distribution for the p shell nucleons. We note that in the region of momentum transfer pertinent to charm-meson production inp-nucleus collisions, the lower components of the spinors are not negligible as compared to the upper component, which clearly demonstrates that a fully relativistic approach is essential for an accurate description of this reaction.
The bound state spinors have also been calculated within the QMC-I model (see, e.g., Ref. [62] ).
Even though the binding energies of the bound proton orbitals predicted by the QMC model were somewhat different from those used in the fitting procedure of the phenomenological model, the spinors obtained in two models were almost identical to each other.
Using the formalism, approximations and input parameters given in Sec. II and the bound state Although the effect of using the in-medium effective mass of the exchanged charmed baryon is visible in the entireD 0 energy spectrum, this is more prominent in the region around the peak position, where peak cross sections obtained by using in-medium mass m * C B in the amplitude are larger by nearly a factor of two than those obtained with the free-space mass m C B .
Therefore, future measurements of theDD production inp induced reactions on nuclei to be performed with thePANDA detector at the FAIR facility are expected to provide a handle to probe the in-medium properties of the charmed-baryons.
Finally we acknowledge that a major source of uncertainty of our results is provided by our treatment of the initial-and final-state interactions. We account for these effects within an eikonalapproximation-based phenomenological method. Although, the parameters of our method (pN total cross section and the radius parameter of the target nuclei) can be checked from the independent sources, they should ideally be constrained by fitting to the experimental data. Because of the lack of any experimental information, it is not yet possible to test our model thoroughly. Thus the absolute magnitudes of our cross sections may have some uncertainties. Furthermore, in the present treatment we considered the absorptive distortion effects only that influence the absolute magnitudes of the cross sections. In a more rigorous treatment, the inclusion of dispersive effects may affect the shapes of the cross sections also.
IV. SUMMARY AND CONCLUSIONS
In Summary, we have studied the production of charmed-meson pairsD [3] and [21] , respectively. These coupling constants were deduced in Ref. [23] from the analysis of the DN and DN scatterings. The same coupling constants were also used for the vertex couplings involved in the D-meson-nucleon interactions in the studies reported in Ref. [22] . The off-shell corrections at various vertices have been accounted for by introducing monopole form factors with the cut-off parameters having the same value as those used in our studies reported in Refs. [21] and [3] . It is a general practice, however, to determine the shape of the form factors and the cutoff parameters involve therein by fitting to the experimental data. Because, such data are not yet available for the reactions under study in this paper, we restricted ourselves to the choice of the form factor and the cutoff parameter that were used in our previous study of this reaction on a proton target. This feature is independent of thep beam momentum and the target mass. The widths of the corresponding spectra are, however, target-mass dependent.
A significant result of our study is that using in-medium effective masses in the propagators of the exchanged charmed baryons leads to about a factor 2 increase in the cross sections at most forward angle over those obtained with the corresponding free-space masses, for antiproton beam momenta around 8-15 GeV/c, which are of interest to thePANDA experiment. This result is independent of the mass of the target nucleus. This observation suggests that in-medium properties of the charmed baryon may be experimentally accessible in this experiment. 
